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In this study, High Resolution Aeromagnetic Data (HRAD) was analyzed to estimate the average 
geothermal gradient, sedimentary thicknesses and to delineate intrusives within the Northern Bida  
Basin with a view to ascertaining the hydrocarbon potential of the basin. The Curie Point Depth (CPD) 
estimation method revealed an average CPD of 20 km and an average geothermal gradient of 29℃/km 
for the study area. Oil and Gas windows within the study area were estimated to fall within the depth 
range of 2.1 – 4.1 km and 4.1 – 7.8 km respectively. Spectral Analysis and Source Parameter Imaging 
(SPI) techniques revealed the morphology of the basin and sedimentary thicknesses of over 2.0 km 
within Kudu, Takuma, Gbaki, Charati, Motugi and Jasegi environments. 2D forward modeling further 
revealed the presence of intrusives, as possible channels for the flow of geothermal energy, within 
Kudu and Takuma, whose sedimentary thicknesses fall within the Oil window. This study concluded 
that the study area may contain more oil than gas and that Kudu and Takuma regions are more pro-
mising for hydrocarbon generation than other potential locations. 
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1. Introduction 
Over the years, the aeromagnetic method has proven to be a wonderful reconnaissance 
tool in mapping major structures within the earth’s crust. In recent times, it has been widely 
employed at a regional scale to map potential areas for hydrocarbon exploration [1].  
For exploration purposes, the use of residual maps for the identification of intrusives, lava 
flows and igneous plugs have proved viable [2]. These subsurface structures have implications 
for hydrocarbon generation and accumulation. For instance, igneous intrusions serve as 
channels for the flow of geothermal energy needed for maturation of petroleum source rocks 
from organic matter [3]. When many, they produce a large amount of heat energy in potential 
source rocks thereby increasing the temperature to a state which could be above requirement; 
in this case, over-maturation of source rocks, which causes a reduction in the amount of 
hydrocarbon generated, could occur. Nevertheless, Rateau et al. [4] reported that permeability 
in sills as a result of formation of cooling joints, fractures and, in very shallow-level intrusions, 
by the occurrence of interconnected gas vesicles could serve as conduits for hydrocarbon 
migration.  
The Bida Basin (Figure 1), just like the Niger Delta Basin, is one of the sedimentary basins 
in Nigeria. Preliminary studies by Obaje et al. [5] from geochemical analyses of source rock 
samples obtained from shallow wells (≤71 m) drilled at Kudu, revealed that the source rocks 
samples from well location “Kudu51” at a depth of 51 m had an Hydrogen Indices of 402 
mgHC/gTOC which is above the minimum value of 300 mgHC/gTOC needed for oil generation 
but its thermal maturity Tmax (430℃) is below the minimum value (435℃) required for oil 
generation. This low Tmax value could be related to the level of maturation of source rocks within 
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the basin which depends on temperature, time of exposure to temperature and pressure from 
sedimentary overburden among others. In order to assess the regional-scale hydrocar-bon 
potentiality of the Bida Basin, there is need for geophysical investigation of important 
parameters for source rock maturation which include sedimentary thickness, geothermal gra-
dient and the presence of intrusives within the basin.  
 
Figure 1. Surface Geology of the Bida Basin (Adapted from Obadje et al., 2013) 
2. Sedimentation and stratigraphy 
The basin’s strata (Figures 1 and 2) are upper (late) Cretaceous in age and referred to as 
the Nupe Group. The group encompasses a two-fold Northern/Central Bida Basin and Southern 
Bida Basin. The focus of this research work is on the Northern/Central section of the basin. 
The Central Bida Basin is made up of four formations namely the Bida Sandstone, t he Sakpe 
Ironstone, the Enagi Siltstone, and the Batati Ironstone.  
 
Figure 2. Stratigraphic Successions in the Bida Basin (Adapted from Obadje et al., 2013) 
The Batati Formation, referred to as the Batati Ironstone Formation around Bida, is 
surrounded by the Enagi Siltstone at each surface exposure. The Batati Formation consists of 
argillaceous, oolitic and goethitic ironstones with ferruginous claystone and siltstone 
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intercalations and shaly beds occurring in minor proportions, some of which have yielded near-
shore shallow marine to fresh water fauna [6]. 
The Enagi siltstone comprises mainly of siltstone which correlates with the Patti Formation 
in the Southern Bida Basin. Other supplementary lithologies include sandstone-siltstone ad-
mixture with some claystones [7]. The formation covers over 70% of the surface area of the 
basin. It contains a dark-grey, black shale unit, the Kudu Shale (Kudu Shale Member) envi-
saged to be the potential source rock for hydrocarbons in the northern section of the basin [5]. 
The Sakpe Ironstone comprises mainly oolitic and pisolitic ironstones with sandy claystones 
locally, at the base, followed by dominantly oolitic ironstone which exhibits rapid facies 
changes across the basin, at the top [5].  
The Bida sandstone consists mainly of fine to coarse grained sandstones, conglomerates, 
siltstones and claystones. It is composed of two members, namely the Doko member and the 
Jima member. The Doko Member is the basal unit and consists mainly of very poorly sorted 
pebbly arkoses, sub-arkoses and quartzose sandstones [5]. The Jima member is majorly com-
posed of cross-stratified quartzose sandstones, siltstones and claystones. It is the upper unit  
of the Bida Formation and exhibits similar features as the upper part of the Lokoja Sandstone. 
It has surface exposure at the northeastern and southwestern flanks of the basin.  
3. Methodology 
High Resolution Aeromagnetic Data (HRAD) of the Northern section of Bida Basin bounded 
by latitudes 8˚30' to 10˚00'N and longitudes 5˚00' to 6˚30' E was acquired from the Nigeria 
Geological Survey Agency (NGSA). The acquired data was gridded at 100 m spacing using the 
minimum curvature gridding method and knitted to produce the total magnetic intensity (TMI) 
map of the study area (Figure 3).  
 
Figure 3. Total Magnetic Intensity map of the study area (to obtain the total value, add 33,200 nT to the 
values on the legend). Profile lines for modelling are shown 
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Figure 4. Reduced to the equator map of the study area 
 
Figure 5. Residual magnetic intensity map of the study area 
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In equatorial regions where inclination is less than 15°, reduction-to-pole (RTP) of magnetic 
data causes the total field anomaly and any noise included within the measurements to 
experience high directionally selective amplification [8] in the north-south direction, thereby 
causing instability in the magnetic data [9]. A solution to this problem is to reduce the low-
latitude magnetic data to the equator rather than to the pole. This centres the peaks of mag-
netic anomalies over their corresponding sources [10]. Thus, the TMI map of the study area 
was reduced to equator. The regional field corresponding to an upward continuation height of 
32 km was removed from the Reduced to Equator (RTE) map (Figure 4) to suppress the long-
wavelength components arising from regional and gross terrain features. The removal of the 
regional field from the RTE map generated the residual magnetic intensity (RMI) map of the 
study area (Figure 5). Thereafter, the average geothermal gradient of the study area was 
estimated from the Curie Point Depth determined from spectral analysis of the RTE map using 
centroid approach. Source Parameter Imaging (SPI) and Spec -tral Analysis (SA) techniques 
were both applied to the RMI map to estimate the sedimentary thicknesses of the study area. 
Based on the estimated sedimentary thicknesses and average geothermal gradient within the 
study area, potential areas for hydrocarbon generation were mapped out. Furthermore, 2D 
forward modelling of the subsurface was carried out along these areas to map intrusives and 
identify possible areas for hydrocarbon generation. 
3.1. The Centroid method 
The Curie Point Depth (CPD) is usually regarded as the theoretical surface with a tempe-
rature of about 580℃ where magnetized bodies become para-magnetic. Beneath this depth, 
the lithosphere virtually exhibits paramagnetic properties. Okubo et al. [11] developed a 
method to estimate the depth to magnetic bottom (Zb) of magnetized bodies from the methods 
of [12-13].  
Consider the case of a set of 2D bodies whose magnetization M(x,y) is completely random 
and uncorrelated, the power spectrum density of the magnetic anomalies could be written as [8,14]: 
𝑃(𝑘) = 𝐴1 𝑒
−2|𝑘|𝑍𝑡 (1 − 𝑒−|𝑘|(𝑍𝑏−𝑍𝑡) )2                 (1) 
where A1 is a constant, Zb and Zt are the depth to the bottom (Curie point depth) and top of 
the magnetic body respectively and k the wavenumber of the magnetic field.  
The centroid depth (Zc) (Figure 6a) of the deepest magnetic source is estimated from the 







) =  𝐴 − |𝑘|𝑍𝑐                    (2) 
where P(k) is the power density spectrum and A represents a constant. 
The depth to the top of the magnetic source (Zt) (Figure 6b) is similarly derived from the 
slope of high wave number portion of the power spectrum as following [15]: 
ln(𝑃(𝑘)
1
2) =  𝐵 − |𝑘|𝑍𝑡                  (3) 
where B is a constant. 
The CPD (Zb) is then obtained from  
 𝑍𝑏    =  2𝑍𝑐  −  𝑍t                    (4) 







                       (5) 
The RTE map spanning about 165 km by 165 km was used as a single bloc k to estimate 
the average CPD of the study area. The depth to the centroid (Zc) and depth to the top (Zt) of 
the magnetic sources were computed by linear fitting to the longest and second-longest 
wavelength segments of the frequency-scaled power spectrum (Equation 2) and unscaled power 
spectrum (Equation 3) respectively. Thereafter, the average curie point depth (Zb) and the 
995
Petroleum and Coal 
                        Pet Coal (2017); 59(6): 991-1007 
ISSN 1337-7027 an open access journal 
average geothermal gradient for the study area were calculated using Equations 4 and 5 
respectively.  
3.2. Source Parameter Imaging (SPI) Technique 
The SPI technique [16] is a wonderful tool for determining the thickness of sediment within 
a basin. It is useful in mapping potential regions for oil and gas prospecting. It utilizes the 
relationship between source depth and the local wavenumber (k) of the observed field, which 
can be calculated for any point within a grid of data. The SPI technique works for two models: 
a 2D sloping contact or a 2D dipping thin-sheet. For a magnetic field M, the local wavenuber, 















)                         (6) 
where |A| is the analytic signal amplitude. 




 = 2𝐾𝐹𝑐 sin𝑑 × 
𝑥 cos(2𝑙−𝑑−90)−ℎ sin (2𝑙−𝑑−90)
ℎ2+ 𝑥2
               (7) 
𝜕𝑀
𝜕𝑥
 = 2𝐾𝐹𝑐 sin𝑑 × 
ℎ cos(2𝑙−𝑑−90)+ 𝑥 sin (2𝑙−𝑑−90)
ℎ2+ 𝑥2
              (8) 
where K is the susceptibility contrast at the contact; F is the magnitude of the Earth's 
magnetic field; c = 1 – cos2i sin2 α; α is the angle between the positive x-axis and magnetic 
north; I is the ambient-field inclination; tan I= tan i/cos α; d is the dip (measured from the 
positive x-axis); hc is the depth to the top of the contact and all trigonometric arguments are 
in degrees.  




                          (9) 
where the coordinate system has been defined such that the origin of the profile line (x=0) 
is directly over the edge.  
It is evident from equation (9) that maxima of the local wavenumber are independent of 
the magnetization direction. Thus, the peaks outline source edges, and at these locations x = 0. 
At x = 0, the "local depth" can be calculated using ℎ = 
1
𝑘
       (10) 
The local wavenumber, k, is used to determine the most appropriate model and a depth 
estimate independent of the assumed model. 
3.3. Spectral Analysis (SA) method for depths to the basement 
The RMI map of the study area was windowed to acquire forty-nine (49) overlapping 
windows  with a size of about 42 km by 42 km. Each windowed grid was Fast Fourier trans-
formed and the logs of the radially average spectrum was calculated and plotted against the 
corresponding wavenumbers. Two lines were fitted on the linear segments that correspond to 
the deep sources and shallow sources which are represented by the low wavenumber and high 
wavenumber segments of the spectrum respectively. The slope of each fitted segment was 




4. Results and discussion 
4.1. Total Magnetic Intensity (TMI) Map  
The TMI map shows short wavelength anomalies in the northeastern and southwestern 
edges of the study area which indicate that the study area is bounded by basement complex 
areas. Parts of these areas are covered by the Bida Sandstone Formation. They are more likely 
to be of shallow sedimentary cover and therefore less promising for hydrocarbon generation. 
The long, intermediate and short wavelength anomalies correspond to deep lying magnetic 
bodies, intrasedimentary intrusive bodies and shallow seated magnetic bodies/basement 
outcrops respectively. The observed variation in the surface magnetic anomaly could be 
attributed to susceptibility variations and topography of the magnetic sources within the study 
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area. Majority of the deep-seated basement rocks within the study area are overlain by the 
Enagi Siltstone Formation. 
4.2. Reduced to Equator (RTE) and Residual Magnetic Intensity (RMI) Map 
The RTE technique is used to center magnetic anomalies over their causative bodies in 
order to make interpretation simpler. Inspection of the RTE map shows that there is a 
reduction in the high positive magnetic intensity value (from 495 to 424 nT) when compared 
with the TMI map. This further reduces after the removal of the regional field to produce the 
Residual Magnetic Intensity Map (Figure 5). Due to the fact that the study area is in a low 
latitude region, locations with high amplitude and/or long wavelength anomalies (magenta 
colour) within the basin (e.g Charati and Jasegi) are most likely to be of lower susceptibility 
than their neighbouring environment. Based on the implication of long wavelength and high 
amplitude for depth and sedimentary thickness, the locations most likely have potential for 
hydrocarbon generation. The very low magnetic intensity value (blue colour) might be asso-
ciated with intrusion onto the basement surface or within the sedimentary section of the study area.  
4.3. The Curie Point Depth and geothermal gradient of the study area 
 
Figure 6. Plots of (a) Frequency-Scaled power 
spectrum (b) Power spectrum used for the deter-
mination of the Curie Point Depth of the study 
area 
Figure 6 shows the frequency-scaled 
power spectrum and unscaled power 
spectrum from which Zt and Zc were 
estimated to be 1.34 km and 10.67 km 
respectively. The average Curie point depth 
(Zb) and geothermal gradient for the study 
area were calculated from the obtained 
values of  Zt and Zc to be 20 km and 29℃/km 
respectively. According to Selley2 a 
significant crude oil generation occurs 
between 60℃ and 120℃ while a significant 
gas generation occurs between 120 ℃ and 
225℃.The implication of this temperature 
range for depth, based on the average 
geothermal gradient (29℃/𝑘𝑚) obtained for 
the study area, is that crude oil will occur at 
a depth window of 2.1 – 4.1 km, and gas at 
4.1 – 7.8 km. 
 
 
4.4.Sedimentary thicknesses   
The SPI map of the study area is presented in Figure 7. It shows the variations of the sedi-
mentary thickness within the basin. The magenta colour at the top of the SPI legend signify 
locations with shallow sedimentary thickness or near surface magnetic bodies while the deep 
blue colour at the lowest part of the legend signify locations with high sedimentary thickness 
or deep lying magnetic bodies. The shallow sedimentary thickness (< 0.2 km) at the north-
eastern, southwestern and southern flanks of the study area suggests that these locations are 
basement complex areas. The deeper parts of the study area (> 2 km) extend diagonally from 
Fashe through Charati and Motugi to Jasegi. The Enagi formation makes up most of the surface 
sedimentary cover within the study area. It perhaps has the highest sedimentary thickness 
within the northern section of the Bida Basin. Based on the sedimentary thicknesses and 
average geothermal gradient obtained for the study area, enclosed regions 1 and 2 with depths 
over 2.0 km are potential regions for hydrocarbon generation. Profiles A - Aˈ, B - B ˈ and C - 
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C ˈ were drawn within the enclosed regions for an enhanced view of their bedrock topography 
and depth. Figure 8 shows the depth variations along these profiles. Environments with 
hydrocarbon potential within these regions (indicated with blue rectangular symbols) include 
Gbaki, Kudu, Takuma, Charati, Motugi and Jasegi. 
 
Figure 7. SPI Map of the Sedimentary Thickness within the Study Area. The closed regions 1 and 2 
represent potential regions for hydrocarbon generation. Profiles A - Aˈ, B - B  ̍  and C - C  ̍  within the 
enclosed regions were drawn to highlight the sedimentatary thickness across the profile  
 
Figure 8. Sedimentary thickness and delineation of potential hydrocarbon areas along the profiles 
998
Petroleum and Coal 
                        Pet Coal (2017); 59(6): 991-1007 
ISSN 1337-7027 an open access journal 
 
Figure 9. Windows for spectral depth of the study area extracted from the RMI map 
Figure 9 shows the subdivision of the study area into forty-nine (49) overlapping blocks 
from which the average depth to magnetic source layers within each block was estimated 
through spectral analysis. Figure 10 shows a representative power spectrum for block 16. The 
results obtained for all blocks are presented in Table 1. Based on prior knowledge of the study 
area and in comparison with results obtained in previous studies on parts of the study area 
[18-19], the second layer of the power spectra represents the depth to basement (Figure 11) in 
the study area with a minimum value of 0.45 km and a maximum value of 3.41 km. The 
average thickness of the sedimentary formation that overlie the basement within the Bida 
Basin was estimated to be 1.13 km. The deepest region of the basin which is in the 
southeastern part (around Jasegi) has an average depth of 3.41 km to basement. 
From the maps of SPI and SA, the areas with shallow depth to basement are noticeable in 
the northeastern, eastern, southwestern and southern edge of the study area. These areas 
are made up of the basement complex regions partly overlain by the Bida Sandstone. The 
sedimentary thickness increases from the southwestern and northeastern edges to the central 
portion of the study area. Gbaki, Kudu, Takuma, Charati and Jasegi environments appear to 
have the highest sedimentary thickness. Based on the average geothermal gradient of the 
study area (29℃/𝑘𝑚) and the highest depth estimates from both SPI and SA methods, the 
study area may accommodate more oil than gas. 
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Figure 10. Spectral plot for Window 16 
 
Figure 11. Depth to basement map of the study area from spectral analysis 
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Table 1. Slope and depth estimates of magnetic layers of the study area 
 
S/N X (m) (Easting) Y (m) (Northing) Slope of Second 
Layer  
Slope of First 
Layer 
Depth of L2 
(km) 
























































































































































































































































































































































Average depth 1.13 0.34 
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From the maps of SPI and SA, the areas with shallow depth to basement are noticeable in 
the northeastern, eastern, southwestern and southern edge of the study area. These areas 
are made up of the basement complex regions partly overlain by the Bida Sandstone. The 
sedimentary thickness increases from the southwestern and northeastern edges to the central 
portion of the study area. Gbaki, Kudu, Takuma, Charati and Jasegi environments appear to 
have the highest sedimentary thickness. Based on the average geothermal gradient of the 
study area (29℃/𝑘𝑚) and the highest depth estimates from both SPI and SA methods, the 
study area may accommodate more oil than gas. 
 
Figure 12. Magnetic profiles taken over a hydrocarbon potential area in Takuma. I denote Intrusive 
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4.5. Magnetic modelling 
For an in-view of the nature of the subsurface and to delineate intrusives in potential areas 
of hydrocarbon generation, 2D forward modelling was carried out. This shows the compatibility 
of the proposed geologic model with the observed potential field data. The results from SPI 
technique was used as a depth constraint to estimate the sedimentary thicknesses across each 
profile. Magnetic profiles were drawn across the aforementioned potential areas in the N-S, 
NE-SW and NW-SE directions (Figure 3) to delineate intrusives around them except for Motugi 
and Jasegi where the profiles were taken in the N – S direction due to the uniform nature of 
the anomalies around these areas. 
 
Figure 13. Magnetic profiles taken over a hydrocarbon potential area in Gbaki. I denote intrusive 
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Figure 14. Magnetic profiles taken over a hydrocarbon potential area in Charati 
Across all profiles, four major intrusives were inferred with lateral extent above 2 km. These 
intrusives have implications for hydrocarbon formation through organic matter. Across profile 
L1 – L1′ (Figure 12a),  two major intrusives, with a susceptibility range of 0.003 – 0.006 c.g.s. 
at a depth of about 2 - 3.5 km, were mapped around West of Kudu (South of Takuma). These 
intrusives were also mapped across diagonal profiles L2 – L2′ (Figure 12b) and L3 – L3′ (Figure 
12c). The intrusives fall within the oil depth window. Its implication is that source rocks within 
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this location will get matured faster than those close to the earths’ surface. These intrusives 
serve as possible heat flow channels for the maturation of the Kudu Shale envisaged to be the 
potential source rock for hydrocarbon within the Bida Basin [5].  
 
Figure 15. Magnetic profiles taken over a hydrocarbon potential area in Motugi 
 
Figure 16. Magnetic profiles taken over a hydrocarbon potential area in Jasegi 
Within Gbaki, two intrusives with a susceptibility of 0.003 were mapped at the western part 
of the study area (Profile M3′ – M3, Figure 13c) occurring at depths of about 1 km. Based on 
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the average geothermal gradient computed for the study area, the temperature at this depth 
may not be enough for source rock maturation. Across Charati (Profiles N1′ – N1, N2′ – N2 
and N3′ – N3), Motugi (Profile O-O′) and Jasegi (Profile P-P′), Figures 14, 15 and 16 respec-
tively, no intrusives were mapped. Based on the results from modeling and the estimated 
hydrocarbon generation depth windows for the study area, Kudu and Takuma are more 
promising for hydrocarbon generation than other potential locations. Generally, the few 
number of intrusives mapped within these potential locations suggest a slow heat rate 
generation mechanism which implies that the source rocks within the study area could take 
long to mature. 
5. Conclusion 
The geothermal gradient and sedimentary thicknesses estimated for the study area 
revealed that Takuma, Kudu, Gbaki, Charati, Motugi and Jasegi areas are potential areas for 
hydrocarbon generation in Bida Basin. Based on the sedimentary thicknesses, average 
geothermal gradient and intrusives delineated within potential areas for hydrocarbon 
generation, this study concluded that the study area may contain more oil than gas and that 
Kudu and Takuma regions are more promising for hydrocarbon generation than other potential 
locations. 
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